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OPTIMIZED CHANNEL CONTROLLER FOR 
NMR APPARATUS 

FIELD OF THE INVENTION 

The invention is principally in the ?eld of magnetic 
resonance apparatus and relates particularly to ef?cient 
control of time sensitive functions of such apparatus. 

BACKGROUND OF THE INVENTION 

Many instrument applications require the creation and 
maintenance of a precisely timed event stream. Frequency 
agile radar, arbitrary radio frequency (RF) generation, 
pulsed magnetic ?eld sources, time domain instrumentation 
such as NMR spectrometers, MRI imagers and the like, are 
a feW examples. Such apparatus may be described in an 
instantaneous sense as existing in a Well de?ne “state”. The 
state in turn, is described by the quantitative condition of 
each of the independent variables of the apparatus. By Way 
of a simple example, an RF synthesiZer operating to produce 
a desired Waveform from N frequency components may 
specify the frequency component(s), With corresponding 
values of amplitude, phase, state duration and perhaps a 
Waveform repetition rate for 3N+2 variables to specify the 
state. The RF Waveform may also be controllable as to 
shape, or time dependence With further computational bur 
den. These parameters may repeat, repeat With changes in 
some parameters, repeat in a cyclic manner, etc., to produce 
the desired operation. A module that assembles the serial 
stream of states and provides the stream to the several 
sub-devices of the apparatus is referenced herein as a 
controller. 

Another time sensitive function in an NMR device Which 
is the subject of a controller operation is the management of 
magnetic gradients. In each of k spatial coordinates, a 
magnetic gradient is speci?ed by 6BZ/6X(k) (t), (that is, the 
time pro?le, or shape), the time for gating this quantity “on” 
and the duration. Again, a vector gradient pulse may be 
selectable in time dependence by ordering the instantaneous 
ordinate values, and the orientation of the resultant vector is 
determined from the vector sum of its components, each of 
Which is the product of a corresponding controller. 

Very early, the control function Was implemented in a 
digital processor on an interrupt actuated basis Where dif 
fering levels of priority Were assigned to multiple tasks 
required for the operation of the apparatus. The processor, 
While executing some loWer priority task, Would receive an 
interrupt to activate a higher priority task, such as control 
ling the status of modules comprising the apparatus, e.g., an 
NMR instrument. In the case of an NMR instrument, RF 
excitation in the form of multiple RF pulses of diverse 
nature, magnetic ?eld gradients, data acquisition, precise 
delays betWeen various states and other operational param 
eters and logical values, all de?ne the instantaneous state to 
be retrieved from memory for presentation to appropriate 
command bu?‘er(s). The processor, in this generic prior art 
structure, might intersperse these higher priority functions 
With loWer priority tasks as alloWed by the interrupt struc 
ture. This presented a ponderous procedure With consider 
able complication in the softWare. Speci?c examples repre 
sentative of such prior architecture are the NMR instruments 
manufactured by Varian under the name “Unity”. 

In further developing prior art, a controller processor, 
communicating With a separate host processor, olfered 
greatly improved synchronous properties in sequencing the 
states of the apparatus. A host processor performs high level 
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2 
operations including description of the NMR pulse sequence 
in terms of parameter values de?ning the pulse sequence at 
consecutive time increments (as Well as conducting post 
acquisition operations). The current operational information 
is placed by the host on a bus communicating With (output) 
controller processor(s) that operates to establish the 
sequence of physical states of RF poWer and magnetic ?eld 
gradient. This division of resources separates the synchro 
nous operations of the RF poWer source, transmit/receive 
sWitch and gradient poWer supplies from the time non 
critical operations of the host. 
The prior art controller shoWn in FIG. 2a derives funda 

mental instruction from a host computer 34, through a bus 
interface 92 to a controller memory 94. A state machine 
(stulfer) 96 assembles parameter values associated With 
selected controlled devices 101, 102, etc and the duration to 
associate With that macro-state of the apparatus de?ned by 
parameter values of all controllable devices contributing to 
the state of the apparatus. This triplet of data (device, 
parameter value, duration) is serially directed (stuffed) to the 
various controllable devices. 
The prior art controller function of FIG. 2a presents 

device select, duration and parameter values to an output bus 
100, common to the controllable devices that determine the 
state of the apparatus. Consequently, the rate at Which the 
state of the system may be altered is distinctly limited 
because multiple parameter changes require a corresponding 
multiple device select instructions. Where the devices 101, 
102, etc., retain their respective parameter values as previ 
ously set (that is, NRZ type devices), it folloWs that only 
changes to these values need be passed through the bus and 
ultimately, this type of controller may be regarded as a 
memory ef?ciency benchmark. 
An advance in prior art controller apparatus is shoWn in 

FIG. 2b Wherein the structure is similar to that of FIG. 2a 
With the exception that all controlled devices are addressed 
in parallel through independent control signals from the 
output of asynchronous-to-synchronous bulfer 98. Buifer 98 
is preferably a FIFO device Wherein the (internal) clocking 
of the bulfer content is derived from a ?eld of a bulfer Word 
and this time datum determines the persistence time, or 
duration of the state. A device such as FIFO 98, or the 
equivalent provides for conversion of the asynchronous 
event stream to implementation of a synchronous sequence 
of physical states. The FIFO has a Width (the FIFO Word) 
suf?cient to de?ne the system state instantaneously. The 
FIFO also has a depth, that is, a forWard store of consecutive 
states including therein, the duration of the corresponding 
state. It is a major function of the processor 96 to Write states 
to the FIFO at such rate to avoid an under?oW condition and 
similarly to avoid a FIFO over?oW condition. The FIFO 
status depends upon the state duration that is speci?ed 
Within the FIFO Word and thus remains independent of the 
activity of processor 96. Such self clocked FIFO bulfers are 
the subject of US. Pat. Nos. 4,191,919 and 4,375,676, 
commonly assigned hereWith. The speed limiting aspect of 
separately addressing each controlled device is therefore 
eliminated. The buffer 98 must noW accommodate a sub 
stantially Wider bulfer Word in order to convey to each 
device, its parameter value(s), but the state duration is 
directly controlled from the bulfer output. A more subtle 
limitation is imposed on the memory 94. Because all con 
trolled devices are set to desired parameter values, the 
memory 94 must accommodate the entire de?nition of each 
of the successive states of the apparatus. For magnetic 
resonance systems, the event stream for a measurement may 
require of the order of 108 Words to be Written from bulfer 
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98. This Word stream passes through memory 94, imposing 
a signi?cant requirement on memory siZe and speed. In spite 
of this memory limitation, prior art of this type represents a 
speed benchmark. 
A further advance in prior art replaces the state machine 

stulfer 96 With an intelligent processor 97 as shoWn in FIG. 
20. Data to create the necessary stream of state de?nitions 
from stored data, computation or a combination thereof is 
treated by processor 97 and the fully assembled state 
description is presented to the FIFO 98. It is important to 
recogniZe that processor 97 attends to several functions: 
unloading of bu?fered data from the bus, reassembly of the 
state With possibly required computation (including masking 
and updating the state Where only state changes are trans 
mitted on the bus and saving the noW updated state for 
reference in forming the next state), and managing the 
output to the FIFO 98 to assure the operation is neither too 
soon nor too late. The computational load and the data 
management burden each lead to extreme situations Which 
strain both memory capacity and transfer rate as applied to 
prior art systems. Exemplary prior art are the NMR instru 
ments manufactured by Chemagnetics under the name 
“In?nity”. 
A modern fourier transform NMR instrument executes a 

complex retinue of instructions affecting the instantaneous 
RF and magnetic attributes of a sensitive volume Within a 
magnetic ?eld. The sensitive volume may contain a sub 
stance examined for analytical study, or an object, the 
internal volume of Which is imaged through exploitation of 
magnetic resonance phenomena. For example, various mea 
surement techniques commonly require precise control of 
RF phase, RF pulse shape and RF amplitude and precise 
cycling of phase over different phase angles as applied to the 
content of the sensitive volume of the instrument. Many 
measurement techniques require application of magnetic 
gradient pulses to the sensitive volume, With similar require 
ments to phase, shape, direction and amplitude. The gradi 
ents may be independent in magnetic component and spatial 
dependence requiring independent sets of control apparatus. 
The instantaneous speci?cation of these parameters 
expresses the output state of the controller. The sequence of 
states de?nes the preparation of the magnetic resonance 
measurement. Acquisition of spectral data represents 
another instrumental state commencing With precise relative 
timing. 

Arealistic speci?cation for the functional requirements of 
a modern NMR instrument include the precision required for 
the parameters describing a state, required gating instruc 
tions and the relevant time intervals and data rates. Table I 
summarizes desirable precision for an RF controller and 
table II represents a similar summary for a vector controller 
as employed for typical NMR apparatus. 

TABLE I 

Parameter #. bits 

amplitude l 6 
phase 1 6 
attenuator 8 
gates 8 
state duration 26 
multiplexer 16 
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TABLE II 

Parameter # bits 

amplitude X 16 
amplitude Y 16 
amplitude Z 16 
state duration 26 

It could be observed that an arbitrary controller charac 
teriZed by extremely fast clocking could satisfy the require 
ment of aligning instrumental states on a precise time scale. 
The practical limit for the apparatus is not the limit of What 
might be achieved, but rather the requirements of the instru 
mental function. The physical phenomena to be observed 
(N MR spectra or images) are manifest in the ?rst instance as 
line Widths, chemical shifts, J coupling and the like, typi 
cally represented in approximately 5 MHZ of bandWidth. 
MRI conveys spatial distributions With emphasis on spatial 
resolution and dynamic range, typically consuming 2 to 5 
MhZ bandWidth. Assuming a 20 MHZ bandWidth require 
ment, there is suggested a fundamental unit of time align 
ment for instrumental states of the apparatus of, say, 50 ns. 
As table I illustrates, the description of a state might require 
70 bits. At a fundamental state duration of 50 ns, the system 
must supply states at the transfer rate of 1400 Mbits/sec. 
Although contemporary processors operate at such clocking 
frequencies, it is necessary to observe that the hypothetical 
1400 Mbits/ sec is a transfer rate. The sequential states of the 
NMR apparatus must be created (computed or derived from 
memory) and revised (scaling, phase cycling, vector rota 
tion, etc) and these creation and revision operations are 
instrumentally and/ or computationally intensive With result 
ing limits on the rate of physical state evolution controlling 
the apparatus. 
A representative contemporary commercially available 

NMR system is the Varian INOVA® featuring a minimum 
time resolved state duration of 100 ns. For this system, tWo 
synchronized RF modules transfer a total of 60 bits sug 
gesting a transfer rate of about 600 MHZ Whereas the 
operational rate for the control processor is 160 MHZ. This 
rate disparity or gap is accommodated by very large bulfers 
(Which also present limitations for such use). 
Another example of prior art is a Waveform controller/ 

synthesiZer described in Us. Pat. No. 4,707,797. 
As pointed out above, a progression of many billions of 

Well de?ne instrumental states may be required for NMR 
measurements of only moderate complexity. In the limit of 
a large gap betWeen a sustained state evolution rate and the 
control processor transfer rate, extremely massive buffering 
becomes economically impractical to narroW that gap. The 
design philosophy problem may be summariZed With the 
observation that any high speed processor driven instrument 
system may be regarded as having a ?nite Write rate, Q, and 
a ?nite read (or evolution) rate, p. For the earliest prior art 
in an NMR application, the demand upon instrumental 
process rate Was minimal. As the demand for higher reso 
nance frequencies and greater complexity in the prescription 
of the instantaneous state increased, various schemes Were 
implemented to narroW that excess of the state evolution rate 
over the rate at Which state data is presented to hardWare. 
The creation of the state sequence and formatting of those 
states to output devices represents a considerable computa 
tional burden and measures Which reduce that burden are 
desirable. It should be recogniZed that in addition to the 
recogniZable computational burden there is a time consum 
ing formatting task necessary to reduce computed param 
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eters to elements of a state descriptor. The excess of the read 
rate over the Write rate may be accommodated by a buffer 
stage With accompanying requirements that become onerous 
as the aforesaid gap increases. The RF and vector controllers 
of the present invention may be vieWed as speci?c measures 
interspersed betWeen the state sequence generating proces 
sor and those output devices to Which the state is Written. 
Reduction of the aforesaid rate gap should be recognized as 
enabling a maximum sustained rate of device instructions 
processed to approach a maximum (hardware de?ned) Write 
rate to external devices. 

SUMMARY OF THE INVENTION 

The controller of the present invention narroWs the above 
described gap in implementing tWo major strategies. First, 
the controller architecture retains elements of the state in 
latched registers that retain their content until reWritten to 
different content. This reduces the bulk transfer rate burden 
When the form of the state sequence is reduced to speci? 
cation of the changes in the contemporaneous state over the 
preceding state. Second, concurrently With transactions 
updating other latched registers de?ning the state descrip 
tion, a computational layer of the controller executes com 
mon mathematical operations, specialiZed for the corre 
sponding ?elds of the status bits in parallel. These 
computations are implemented With application speci?c 
integrated circuits, executing in parallel Within a clock cycle, 
thereby introducing no rate limiting step(s). Further, this 
strategy eliminates the need for extensive data packing. As 
a result, the aforesaid gap is either eliminated, or reduced for 
manageability through high speed FIFO buffering of modest 
proportion. 

The present invention is directed to a novel controller 
architecture for control of an NMR instrument Wherein the 
structure allocates certain computational activity Within a 
long sequence of states to occur Within a controller possess 
ing both a computational layer and a latched register layer. 
These layers receive information from a data bus. A latched 
register retains content unless and until overwritten; thus the 
prior datum for the corresponding register is preserved if not 
subject to change. Content of these registers comprise all 
parameters essential to description of the state including the 
state duration. Consequently, only changes in status ele 
ments, including state duration, need be transmitted on the 
bus. Certain elements of the state description are derived by 
computation from parameters of the state description. These 
operands may or may not exhibit changes betWeen consecu 
tive states. Computational operations are typically addition 
(for example, adjustment of RF phase), multiplication (such 
as the scaling of the ordinate of a standard pulse shape) and 
matrix multiplication (to realiZe desired rotations of a mag 
netic gradient vector for NMR measurements). Concurrently 
active independent RF channels incorporate respective con 
trollers of the invention and magnetic gradient operations 
are directed through a separate gradient controller. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 represents a magnetic resonance apparatus incor 
porating a controller according to the present invention. 

FIG. 2a shoWs one prior art controller arrangement. 
FIG. 2b shoWs another prior art arrangement. 
FIG. 2c shows yet another prior art arrangement. 
FIG. 3 illustrates a dual level register based controller of 

the present invention FIG. 4 shoWs another register based 
controller of the present invention. 
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6 
FIG. 5 is another embodiment comprising additional 

functionality in the register layer. 
FIG. 6 schematically describes an embodiment of the 

inventive controller for vector control. 
While the invention is susceptible to various modi?ca 

tions and alternative forms, the above ?gures are presented 
by Way of example and/or for assistance to understanding 
the structure or phenomena. It should be understood, hoW 
ever, that the description herein of the speci?c embodiments 
is not intended to limit the invention to the particular forms 
disclosed, but rather, the intention is to cover all modi?ca 
tions, equivalents, and alternatives falling Within the spirit 
and scope of the invention as de?ned in the appended 
claims. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The representative physical context of the invention is an 
NMR apparatus that includes a number of devices to be 
controlled in synchrony. An idealiZed illustration is shoWn in 
FIG. 1. A magnet 10 having bore 11 provides a main 
magnetic ?eld along the axis of the bore. In order to control 
the magnetic ?eld With precision in time and direction for 
selected measurements requiring magnetic ?eld gradients, 
there are provided magnetic ?eld gradient coils (not shoWn). 
These are driven by gradient poWer supplies 16, 18 and 20, 
respectively. Additionally, other shimming coils (not shoWn) 
and poWer supplies (not shoWn) may be required for com 
pensating residual undesired spatial inhomogeneity in the 
basic magnetic ?eld. An object for analysis (hereafter 
“sample”) is placed Within the magnetic ?eld in bore 11 and 
the sample is subject to irradiation by RF poWer, such that 
the RF magnetic ?eld is aligned in a desired orthogonal 
relationship With the magnetic ?eld in the interior of bore 11. 
This is accomplished through one or more transmitter coil(s) 
12 in the interior of bore 11. Resonant signals are induced in 
a receiver coil, proximate the sample Within bore 11. The 
transmitter and receiver coils may be the identical structure, 
or separate structures. 

As shoWn in FIG. 1, RF poWer is provided from ?rst 
transmitter 2411 through modulator 26a, and is ampli?ed by 
an ampli?er 31a and then directed via transmit/receive (T/ R) 
isolator 27 to the probe 12 that includes a ?rst RF transmitter 
coil 12' located Within the bore 11. The transmitter 2411 may 
be modulated in amplitude or frequency or phase or com 
binations thereof, either upon generation or by a modulator 
26a. The conceptual grouping of transmitter 24a, modulator 
24a, ampli?er 31a, T/R isolator 27 and the receiver is 
conventionally called the “observe channel”. Additional 
components (transmitter 24b/modulator 26b/ampli?er 31b) 
forming the “decoupler channel”) are often employed to 
independently manipulate different gyromagnetic resonators 
coupled to the species under investigation, e.g., 13C or 1H. 
These independent spin manipulations are conveniently sup 
ported by multiple coils or a multi-resonant coil. Transmit 
and receive functions are clearly not concurrently active in 
the observe channel. The identical observe coil 12 Within the 
probe may be employed for both excitation and acquisition 
if so desired. Thus, the T/R isolator 27 is provided to 
separate the receiver from the transmitter 2411. In the case of 
separate transmitter and receiver coils, element 27 Will 
perform a similar isolation function to control receiver 
operation. 
The modulators 2611,!) (or the equivalent) are responsive 

to controller 3811,!) including pulse programmer(s) 29 to 
provide RF pulses of desired frequency, amplitude, duration 
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and phase relative to the RF carrier at precise pre-selected 
time intervals for application to corresponding channels. 
The pulse programmer may have hardWare and/or software 
attributes. The pulse programmer also controls the gradient 
poWer supplies 16, 18 and 20, if such gradients are required. 
These gradient poWer supplies may impose gradient pulses 
or maintain selected static gradients in the respective gra 
dient coils if so desired. Each such gradient is speci?ed by 
gradient amplitude, e.g., +/—6BZ/6y, duration, time of initia 
tion. 

The transient nuclear resonance Waveform processed by 
receiver 28 is ordinarily resolved in phase quadrature 
through phase detector 30. The phase resolved time domain 
signals from phase detector 30 are presented to Fourier 
transformer 32 for transformation to the frequency domain 
in accordance With speci?c requirements of the processing. 
Conversion of the analog resonance signal to digital form is 
commonly carried out on the phase resolved signals through 
analog to digital converter (ADC) structures Which may be 
regarded as a component of phase detector 30 for conve 
nience. 

It is understood that Fourier transformer 32 may, in 
practice, act upon a stored (in storage unit of processor 34) 
representation of the phase resolved data. This re?ects the 
common practice of averaging a number of time domain 
phase resolved Waveforms to enhance the signal-to-noise 
ratio. The transformation function is then applied to the 
resultant averaged Waveform. Display device 36 operates on 
the acquired data to present the distribution for inspection. 
In an NMR apparatus, master controller 38, most often 
comprising one or more digital processors, controls and 
correlates the time critical operations, such as the perfor 
mance of pulse sequences in the observe channel, the 
decoupler channel and the several gradients. Master con 
troller 38 may be regarded as a plurality of distinct func 
tional controllers (RF observe channel, RF decoupler chan 
nel and magnetic gradient, for example), each of Which 
ordinarily operates to produce states synchronous With a 
common time base for maintaining synchrony With resonant 
spin systems. Overall operation of the entire apparatus 
Within host processor 34 includes input 37 from operating 
personnel, non-time critical calculation and output for fur 
ther processing or display. 

Turning noW to FIG. 3, there is shoWn a block diagram 
representative of a preferred embodiment of a controller of 
the present invention. The central features of the controller 
are evident in the register layer 100 and the computation/ 
logic layer 104. The register layer comprises a plurality of 
latched registers 102a, 102b, . . . 102k. Each of these 

registers retain a digital (or logical) parameter e?fecting the 
output state of the controller. The content of each of the 
latched registers of register layer 100 is retained in the 
respective register until overWritten by processor 96. The 
register layer is further distinguished as comprising tWo 
species of latched register in accord With the destination of 
the register content. In the symbolic description of FIG. 3, 
registers 102i . . . 102k contain values for direct transfer to 

the asynchronous bulfer 98. Registers 102a . . . 102d 

communicate With corresponding computational cells, such 
as 106s and 10611 representing a computational layer 106. 
Typical computational operations include scaling (integer 
multiplication) an instantaneous amplitude to transform a 
normaliZed pulse shape to a desired scale; and addition, such 
as When accumulating phase from phase increments. Com 
putational cells 106s and 10611 are realiZed in knoWn fashion 
from specialiZed high speed logic circuits such as ?eld 
programmable arrays (FPGAs) and such cell includes a 
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8 
latched result register to retain the computed result. Such 
latched mathematical result register is in correspondence to 
arguments of the calculation as presented from the relevant 
latched registers 102a, . . . etc. 

Note that the processor 96 exhibits an output rate p to the 
register layer 100 and the register layer exhibits a certain 
theoretical maximum Write rate Q to the asynchronous 
bulfer 98, Which may be limited by the presence of a 
(partially) intervening computational layer 104. Data from 
non-computational registers 102j, 102k and computational 
results from cells 106s and 10611 are gated to Write to the 
asynchronous bulfer 98 by a common signal Which is 
derived from the sloWest computation, or alternatively from 
a logical AND of DATA READY levels available from 
registers of register layer 104 and computational cells of 
computational layer 106. Such gating arrangements are Well 
knoWn to practitioners of the art. 

Plural RF controllers coexist in some apparatus that 
require different RF channels that are concurrently active, 
Whether or not these channels are independent. An example 
of this requirement is found Where proton and Cl3 spins are 
separately and concurrently manipulated, as is common in a 
Wide variety of experiments 

It has been noted above that it Was knoWn practice in prior 
art to reduce tra?ic on the system bus by description of the 
state sequence only through the changes therein to appear in 
the controlled output. In such prior art architecture the prior 
state Was reconstituted in the controller from a stored image 
and the changes e?fected and re-stored and concurrently 
transferred to the asynchronous bulfer. The present invention 
avoids such operations in the controller processor because 
the prior state is preserved in the corresponding set of 
latched registers 102a . . . 102k. In this Way, the compression 

achieved by the state dilferential sequence description is 
perfected in the present invention. 
The organiZation of the controller of FIG. 3 reduces the 

burden on processor 96 to the function of managing the 
in?oW of data (comprising changed parameters of consecu 
tive state pairs) from the bus interface and the out?oW of 
updated state parameters into the asynchronous bulfer. This 
is a time sensitive function because of the need to perform 
these manipulations Within a range of operational speed that 
is neither too rapid (overrunning the asynchronous bulfer 
98) nor too sloW (alloWing under?oW of asynchronous 
bulfer 98). 
A description of controller operation is a conventional RF 

controller. Such controller processor accepts the doWnload 
of the program, Which it Will execute during the full course 
of the (NMR) experiment. The controller program to be 
executed in a particular RF channel contemplates a sequence 
of pulses of selected shape and frequency content, having 
speci?ed phase properties, amplitude and pulse Width, 
delays betWeen pulses, and receiver gating. Assume a phase 
cycling procedure Where the phase may be cycled in a 
selected manner, the length of the interval from receiver 
gated ON to receiver gated OFF may be set, and the number 
of repetitions determined. Phase cycling requires a phase 
increment to be initialiZed in the phase addend register, for 
example, and the cycling corresponds to creation of a 
corresponding looping regime Within the controller. The 
appropriate controller program is composed at the host 
processor and delivered through the bus interface 92 for 
initialiZation by the intrinsic program loading facility of the 
processor 96. NoW consider the present invention: the 
advantage of latched registers 102a . . . removes the 

unchanged state variables from any equivalent prior art 
softWare loop Wherein masking of state descriptor Words is 
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carried out With consequent economy for the present inven 
tion in both transfer rate, computational burden and the like. 
Within the core of the interface (between the bus and the 
FIFO) the computational layer 104 removes computational 
burden altogether from the processor While executing these 
operations at a point in time adjacent to FIFO servicing 
operations. 

Another embodiment is the simpli?ed controller of FIG. 
4. This embodiment differs from the embodiment of FIG. 3 
in that there is no mathematical layer and the advantage 
gained is that of the latched register layer alone. For NMR 
applications this is not a preferred arrangement inasmuch as 
computational operations on state variables offers a major 
advantage in operational ef?ciency. The advantages of the 
latched register structure alone are suf?cient for a Wide range 
of applications requiring lengthy sequences of synchronous 
states. 

In another embodiment, an incremental register layer 106 
comprises capability for modi?cation of the arguments 
provided to the computational layer 104 in a prescribed 
sequential manner from a single datum in the data stream 
transmitted over the bus 92. It should be readily appreciated 
that this capability contributes great additional compression 
in the data stream and thereby further narroWs the gap 
betWeen the achievable Write-rate from the host computer 
and the required read-rate of the various output devices that 
implement and record the NMR phenomena. FIG. 5 shoWs 
a logical schematic of the incremental register layer 106. A 
representative register 106i‘ accommodates a sub?eld 140 
corresponding to an argument to be presented to the com 
putational layer 104, another sub?eld 142 is treated as an 
increment (decrement) to the argument 140 While the 
remaining sub?eld 144 is a repetition count for adjusting the 
argument. Within layer 106', the argument value 140 and the 
increment 142 are supplied to adder 302 and the resulting 
adjusted value argument is restored to the latched register 
1061-‘ While also being presented to the computational layer 
under control of the latch 300. The latch 301 presents the 
entire register layer 106 to the computational layer 104, 
together With a data ready gate. This embodiment enables a 
single instruction to the controller to create a sub-sequence 
of numerous states in accord With the content of the repeti 
tion ?eld 144. 

Another application of the inventive controller architec 
ture is also to be found in vector manipulation. Vector 
control in high speed processes requires control of magni 
tude (scaling), rotations and time dependence. For magnetic 
resonance apparatus the manipulation of a magnetic gradient 
vector underlies many methods of magnetic resonance imag 
ing (and to a lesser extent, certain spectroscopic measure 
ments). For example a 3D image might impose a resultant 
magnetic gradient vector of different orientations at different 
times. Components of the gradient vector G are typically 
6BZ/6Bx, 6BZ/6By, 6BZ/6BZ and these are furnished by room 
temperature coil Windings Where Z is the direction of the 
polarizing ?eld. The alignment of the resultant gradient 
vector is rotated in correspondence With the functional 
aspect of gradient formation. One typical class of 3D imag 
ing sequences imposes a slice selection gradient during the 
RF excitation pulse resulting in excitation of nuclear spins in 
a selected 2D thickness of the sample forming a plane 
having a desired orientation. All components may be ener 
giZed in corresponding magnitudes to yield the desired 
orientation. Mutually orthogonal phase encoding and read 
out gradients are similarly energiZed at requisite times to 
identify the magnetic resonance response of a pixel or line 
of the image. The process is repetitive in building the image 
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10 
incrementally by cycling through values of the slice selec 
tion, phase encode and readout gradients yielding a free 
induction decay Waveform for each such triplet of gradient 
directions and intensities. The magnetic gradient resultant is 
thus subject to a triply cyclic program of discrete rotational 
increments for such imaging. The mathematical prescription 
of (3 dimensional) spatial rotation of the resultant gradient 
is prescribed by a rotation matrix R Where R is a 3x3 array 
and the gradient controller elfectuates the rotated vector G' 
from matrix operators, 

Vector rotation (and scaling) requires operations for matrix 
multiplication, as for example 

FIG. 6 describes the organiZation of functional operations 
required for a computational layer 204 to perform the 
rotational aspects of the above operations described above. 
For simplicity, vectors X, Y, and Z may be regarded as the 
unrotated components of G. The inputs (X1, (x2, and (x3 
represent the triads of coef?cients for each of the three roWs 
of the rotation matrix. The quantities “Scalel”, “Scale2”, and 
“Scale3” are the scaling factors to be applied to each of the 
three rotated components to establish the vector magnitude. 
It is clear that each vector component requires four multi 
plications and tWo additions to be implemented in a com 
putational layer. FIG. 3 should be regarded as the frameWork 
Within Which FIG. 6 performs the manipulations for vector 
control through such a computational layer 204 (analogous 
to computational layer 104 for the RF controller). 
The matrix multiplication is carried out in the computa 

tional layer 204 from vector components and array elements 
residing in the latched register layer (analogous to RF 
controller register layer 102). Recall that not all of these 
quantities change across state transitions. A gradient vector 
in three dimensional space, subject to rotations and scaling 
therefore requires control for each of three gradient basis 
vectors, all of Which must maintain excellent mutual syn 
chrony to produce the desired instantaneous resultant vector. 
The guiding architecture for the softWare/?rmWare for 

operating the apparatus is founded on three observations. 
First, consider the central requirement for the execution of 
very long sequences of distinct states. Each state is pre 
scribed by a number of parameters and in most applications, 
the difference betWeen adjacent states is usually to be found 
in a one or tWo parameters, perhaps three, rarely more than 
three. The entire sequence of states is representative as a 
succession of changes beginning With an initial, or default 
state. Thus it is only necessary to describe the sequence by 
the difference of adjacent states including the state durations 
and such procedure is perfected by retention of state param 
eters Within latched registers of the controller, as above 
described, in such manner as to obviate reconstituting the 
entire prior state. A vast economy is achieved in both 
memory and process steps for establishing each state in this 
manner. 

The major requirement for these controllers is mainte 
nance of precise synchrony. This necessitates both high 
speed attributes for the hardWare driven, ef?cient data struc 
tures and the means for ef?ciently transforming a state 
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description into a physical state. The controller herein 
described includes an asynchronous device. More particu 
larly, it incorporates asynchronous-to synchronous conver 
sion, While the self-clocked FIFO structure(s) provide hard 
Ware realization of a synchronous train of events from a 
sequence of prescribed digital states. There remains an 
intermediate problem in assuring that asynchronous soft 
Ware operations of loading/updating do not overrun/under 
run the rate of FIFO output. This task is a greater focus of 
the controller processor herein by reduction of other com 
putational burden through the computational layer of the 
controller and reduction in data transfer through retention of 
unchanging data in latched registers of the controller. 

The asymptotic behavior of actual sustained rate perfor 
mance of any such controller may be appreciated by recog 
nizing that there is a hardWare de?ned maximum rate for 
accepting input datums by the FIFO. Assume a FIFO accom 
modating a sequence of L states and that this maximum 
FIFO read rate is identical to the maximum FIFO output or 
Write rate. If state descriptors are supplied to such a FIFO of 
depth L states, at the maximum FIFO read rate, a synchro 
nous state description is achieved at the FIFO input and the 
sustained rate equals the maximum FIFO read rate for an 
inde?nite number of n*L states. As a practical matter, the act 
of supplying the state descriptor includes the essential 
computations, data transfer and controller operations dis 
cussed herein (and separately, the FIFO clocks out indi 
vidual states for signi?cant durations). For purposes of 
discussion, assume the processing of an individual state 
requires an additional unit 7» of clock time (on the average) 
for each set of L states, the system and controller “above” 
the FIFO falls behind the FIFO read rate (Which We may 
regard as a characteristic maximum rate) by an incremental 
amount, or rate gap. HoWever on these suppositions the 
theoretical maximum number of states accommodated in 
sustained synchronicity simply becomes L (L-7t). The 
present invention serves to reduce the number of operations 
required above the FIFO, With the result that the construct 
designated 7» is greatly reduced as is the gap betWeen 
sustained (asynchronous) rate of states presented to the 
FIFO and the maximum hardWare de?ned state acceptance 
rate, for a given length state sequence. An alternative vieW 
of this is to consider the average duration Td per state in a 
very long sequence and an average processing time per state 
Tp (including all relevant computation, data transfer and 
controller processes). It may be shoWn that the number of 
states N accommodated before under?oW of the FIFO is 

As the time gap Tp—Td is reduced (a goal of this inven 
tion), the quantity N/L increases and increased FIFO depth 
becomes a less stringent requirement for preservation of 
long synchronous state sequences. 
One Will appreciate that quantitative evaluation of hard 

Ware built according to the invention depends signi?cantly 
upon the nature of the state variations forming the sequence. 
It has been observed that for relatively simple NMR state 
sequences involving phase and scale manipulations, an RF 
controller folloWing the present invention has been observed 
to support a factor of tWo increase in sustained rate of state 
sequence presentation compared to prior art. The (vector) 
magnetic gradient controller exhibits capability for an order 
of magnitude increase in such sustained rate over prior art 
for comparable state sequences. 

Although this invention has been described With reference 
to particular embodiments and examples, other modi?ca 
tions and variations Will occur to those skilled in the art in 
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12 
vieW of the above teachings. It should be understood that, 
Within the scope of the appended claims, this invention may 
be practiced otherWise than as speci?cally described. 

What is claimed is: 
1. A controller for producing a sequence of states derived 

from an input bus, each said state comprising a plurality of 
independent variables realized as digital values, each said 
variable expressed in a corresponding digital precision and 
said state further characterized by duration, said controller 
comprising, 

(a) a plurality of latched registers for receiving and 
retaining corresponding datums from said input bus, 

(b) at least one latched mathematical register assembly for 
receiving and retaining corresponding datums from 
said input bus, said latched mathematical register 
assembly comprising a computational module for com 
bining said datums in accord With a mathematical rule 
to yield a computed result datum, and a corresponding 
latched result register to retain said computed result 
datum, and 

(c) a plurality of FIFO portions, each portion in corre 
spondence With one said latched register and latched 
result register, each said latched register and result 
register in corresponding relationship With one said 
FIFO portion, Whereby a FIFO assembly comprising 
said FIFO portions contains a sequence of said states. 

2. The controller of claim 1, Wherein said FIFO assembly 
comprises an output register and Wherein a duration interval 
is derived from each said state, each said state persisting in 
said output register for said duration interval. 

3. The controller of claim 1, Wherein said state comprises 
a vector ?eld. 

4. The controller of claim 3, Wherein said vector is a 
magnetic gradient. 

5. The controller of claim 3, Wherein said vector is a 
magnetic gradient. 

6. The controller of claim 1, Wherein said state comprises 
an RF ?eld. 

7. The controller of claim 1, Wherein said state comprises 
a vector ?eld. 

8. The controller of claim 1, Wherein said state comprises 
an RF ?eld. 

9. A controller for producing a sequence of states derived 
from an input bus, each said state comprising a plurality of 
independent variables realized as digital values, each said 
variable expressed in a corresponding digital precision and 
said state further characterized by duration, said controller 
comprising, 

(a) a plurality of latched registers for receiving and 
retaining corresponding datums from said input bus and 
Wherein at least one said latched register comprises an 
argument portion of said datum, an increment portion 
of said datum and an adder for modifying said argu 
ment through addition of said increment portion and 
communication of the result thereof both to a corre 
sponding mathematical register and to replace the value 
held in said argument portion of said at least one 
latched register, 

(b) at least one latched mathematical register array for 
receiving and retaining corresponding datums from 
said corresponding latched register, said latched math 
ematical register array comprising a computational 
module for combining said datums in accord With a 
mathematical rule to yield a computed result datum, 
and the corresponding latched mathematical register 
adapted to retain said computed result datum, and 



US 7,053,614 B2 
13 

(c) a plurality of FIFO portions, each portion in corre 
spondence With one said latched register and latched 
mathematical register, each said latched register and 
latched mathematical register in corresponding rela 
tionship With one said FIFO portion, Whereby a FIFO 
assembly comprising said FIFO portions contains a 
sequence of said states. 

10. The controller of claim 9, said FIFO assembly com 
prises an output register and Wherein a duration interval is 
derived from each said state, each said state persisting in 
said output register for said duration interval. 

11. A method of controlling a system instantaneously 
speci?ed by a plurality of parameters, said system including 
a clock device for synchronous operation, comprising the 
steps of: 

initialiZing said plurality of parameters for de?ning each 
said state to default values thereof, 

prescribing a progression of states at subsequent adjacent 
discrete times, comprising 

assigning a duration to each state, 
characterizing each state by the changes in value from the 

preceding state of one or more said parameters, 
transfering only said changed values to a corresponding 

plurality of latched data registers, said latched registers 
corresponding to operand parameters, and also trans 
ferring content of said latched registers to a respective 
computational cell and computing the resultant of said 
operand parameters and retaining same in a latched 
resultant register, 

communicating the parameters retained from each said 
latched register and each said resultant register and 
corresponding duration to an asynchronous-to-syn 
chronous buffer, 

presenting said parameters and resultants to an output in 
synchronous relation to said clocking device, and 

maintaining said output for said corresponding duration. 
12. The method of controlling the system of claim 11, 

Wherein said operand parameters transferred to said latched 
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registers comprise, at least, values proportional to RF phase, 
RF amplitude, and RF frequency. 

13. The method of controlling the system of claim 11, 
Wherein said operand parameters transferred to said latched 
registers comprise, at least, magnetic gradient vector mag 
nitude and magnetic gradient vector orientation. 

14. A controller for producing a sequence of states derived 
from an input bus, each said state comprising a plurality of 
independent variables realiZed as digital values, each said 
variable expressed in a corresponding digital precision and 
said state further characterized by duration, said controller 
comprising: 

a plurality of latched registers for receiving and retaining 
corresponding datums from said input bus, said latched 
registers communicating With a plurality of FIFO por 
tions said portions including a state duration, each 
portion in correspondence With one said latched regis 
ter, each said latched register in corresponding rela 
tionship With one said FIFO portion, and state persis 
tence logic Whereby each said state is produced at an 
output of said FIFO for a speci?ed duration. 

an incremental state generator Wherein at least one said 
latched resister comprises an argument portion of said 
datum, an increment portion of said datum and an adder 
for modifying said argument through addition of said 
increment portion and communicates the result thereof 
both to a corresponding said latched register and to 
re-place the value held in said argument portion of said 
latched register. 

15. The controller of claim 14, Wherein selected said FIFO 
portions communicate With a source of RF poWer and 

35 control one or all of the RF phase, RF amplitude and RF 
frequency. 


